Background: Currently, there is no topical treatment available for any form of cutaneous leishmaniasis (CL) in most of the endemic areas. The aim of the current study was to develop a topical nano-liposomal Amphotericin B (AmB) for the treatment of CL. Methodology/principal findings: Liposomes containing 0.1, 0.2 and 0.4% AmB (Lip-AmB) were formulated and characterized for the size, entrapment efficiency, long term stability, and skin penetration properties using Franz diffusion cells. Liposomes diameters were around 100 nm with no change during more than 20 months' storage either at 4°C or at room temperature. Franz diffusion cells studies showed that almost 4% of the applied formulations penetrated across the skin and the highest skin retention (73.92%) observed with Lip-AmB 0.4%. The median effective doses (ED 50 ), the doses of AmB required to kill 50% of L. major amastigotes were 0.151, 0.151, and 0.0856 (μg/mL) in Lip-AmB 0.1, 0.2, 0.4%, respectively. Lip-AmB 0.4% caused 80% reduction in fluorescence intensity of GFP+ L. tropica infected macrophages at 5 μg/mL of AmB concentration. Topical Lip-AmB was applied twice a day for 4 weeks to the skin of BALB/c mice to treat lesions caused by L. major. Results showed the superiority of Lip-AmB 0.4% compared to Lip-AmB 0.2 and 0.1%. The parasite was completely cleared from the skin site of infection and spleens at week 8 and 12 post-infection in mice treated with Lip-AmB 0.4%. The results suggest that topical Lip-AmB 0.4% may be a useful tool in the treatment of CL and merits further investigation.
Introduction
Leishmaniasis annual incidence rate is estimated at around 0.9-1.2 million, the disease is a major public health problem in some endemic Countries, the most common form being cutaneous leishmaniasis (CL). Although CL is not a life-threatening disease, it causes a serious social stigma with life-long disfiguring scars. The majority of CL cases occurs in Afghanistan, Algeria, Brazil, Colombia, Iran, Peru, Saudi Arabia and Syria. Two types of cutaneous leishmaniasis are prevalent in Iran, zoonotic CL (ZCL) caused by L. major (about 80% of cases) and anthroponotic CL (ACL) caused by L. tropica (about 20% of the cases) (Aronson et al., 2017; Dowlati, 1996; Nadim and Aflatoonian, 1995) .
Treatment of CL continues to the use of pentavalent antimonial derivatives which require multiple injections with numerous side effects and variable efficacy (Aronson et al., 2017; Fairlamb et al., 2016; Hadighi et al., 2006; Neves et al., 2011; Ponte-Sucre et al., 2017) . Amphotericin B (AmB), a polyene anti-fungal antibiotic derived from Streptomyces nodosus, is the second-line leishmaniasis treatment which interferes with ergosterol in the cell membrane of Leishmania and induces leakage of intracellular components and eventual pathogen death. The clinical use of the classical form of AmB (Fungizone®) has been limited, due to chronic nephrotoxicity (Berman, 2015; Deray, 2002) . Thus, nano-carriers were used to reduce the toxicity of AmB. Among various formulations including Amphotec®, Abelcet® and Am-Bisome® (Adler-Moore et al., 2016) , the latter has shown more tolerance and less severe side effects when compared to Fungizone® (Berman, 2015; Wijnant et al., 2018) . AmBisome®, the intravenous (i.v) liposomal form of AmB, is a FDA-approved medication for the https://doi.org/10.1016/j.ijpddr.2019.09.004 Received 20 April 2019; Received in revised form 14 September 2019; Accepted 17 September 2019 treatment of visceral leishmaniasis (Gutiérrez et al., 2016; Hamill, 2013) . Previous clinical studies have shown the efficacy of AmBisome® for the treatment of Leishmania tropica (Solomon et al., 2011) as well as other strains of some Leishmania species (Mushtaq et al., 2016; Wortmann et al., 2010) .
Using AmBisome® for the treatment of CL may not be as successful as VL due to poor infrastructure and number of patients in the endemic areas (Bhattacharya and Ali, 2016; Knöpfel et al., 2018; Wortmann et al., 2010) . Search for new treatment modalities for CL is needed (Butsch et al., 2016) .
In the last decades, several conventional formulations for topical applications were introduced such as sodium nitrite, paromomycin alone or in combination with gentamicin; the latter being more successful in clinical trials (Ben et al., 2013; Butsch et al., 2016; Lecoeur et al., 2007) . In a recent study, topical Miltefosine in different solvents had a limited effect on treatment of lesions induced by L. major in BALB/c mice (Van Bocxlaer et al., 2016) .
A suitable topical formulation must be able to target the Leishmania parasites in the dermal layers of the skin. Thus, carriers are crucial in enhancing drug penetration into the skin and promoting drug release. In contrast to the conventional formulations, liposomes are generally retained longer at the site of administration, thus are able to modify the distribution of the associated drug (Croft and Yardley, 2002; Mauël, 1990) . Liposomes have long been used for skin delivery of pharmaceuticals i.e. AmB, but no topical formulations of AmB are available for the treatment of CL. Liposomes in the proper formulation and size, pass through stratum corneum of the intact skin and reach the dermis where Leishmania parasite normally lodge and multiply. In previous studies using sub-micron size liposomes as vehicles for paromomycin and AmB, the formulations showed to be effective against some Leishmania species (Ahsan et al., 2002; Devi et al., 2011; El Maghraby et al., 2008; Huang et al., 2009; Manosroi et al., 2004; Mauël, 1990; Singodia et al., 2010) .
The aim of this study is as follows (i) to develop topical liposomal formulation containing various concentrations of AmB, (ii) to characterize the liposomal size, zeta potential, stability, in vitro permeation characteristics using Franz diffusion cells, and (iii) to assess the effect of the formulation on L. major and L. tropica in vitro, and on L. major infection in BALB/c mice.
Materials and methods

Chemicals
Amphotericin B was purchased from ASENCE Pharma Private Limited (Vadodara, India). Alamar Blue was purchased from Biosource (International, Inc., USA) and all other chemicals were of reagent grade and used as received.
Preparation and characterization of liposomal AmB
Liposomes containing AmB (Synbiotics Limited, Vadodara, India) were prepared using phosphatidylcholine and cholesterol as previously reported (Wohlrab J, 2005) .
The particle diameter of each sample was measured in triplicate by dynamic light scattering (Malvern, Nano-ZS, UK). The measurements were performed at 25°C after the appropriate dilution with the buffer of the formulation. Zeta potential of the liposomes was measured using electrophoretic light scattering by a Malvern Zetasizer Nano ZS. The measurement was performed at 25°C after appropriate dilution with MOPS buffer (10 mM, pH 7.4). All of the measurements were repeated at least three times.
Liposomal AmB formulations analysis
The concentration of AmB in liposomal formulations was determined using HPLC (Knauer, Germany) method, as previously described (Barratt and Bretagne, 2007) . The method for AmB determination by HPLC was validated using LOD (limit of detection) and LOQ (limit of quantitation) of 0.001 μg/mL and 0.06 μg/mL, respectively in two separate experiments in triplicate (S4 Fig) . The chromatographic analysis was performed on a reverse phase C18 column (4.6 × 250 mm, 5 μm particle size, Atlantis T3, waters, Ireland). The chromatographic separation was achieved in less than 12 min on a reverse-phase C column using an acetonitrile-acetic acid-water (52:4.3:43.7 , v/v/v) mixture as mobile phase. The flow rate was 1 mL/ min and the effluent was monitored at 406 nm. Lip-AmB was dissolved in dimethyl sulfoxide (DMSO) and diluted with ethanol to have a concentration of 8 μg/mL of AmB. The area under the curve of Lip-AmB preparations was compared to the one of AmB USP reference standard (8 μg/mL).
Encapsulation efficiency of AmB in liposomes
Liposomes containing AmB were diluted 1 to 10, and were transferred into a 15 mL Amicon Ultra centrifugal filter unit (with a cut off 100 kDa, Sigma, USA) and centrifuged at 4,000 × g for 30 min, then, the filtrate was analyzed for AmB using HPLC.
In vitro effect of Lip-AmB on L. major promastigote and amastigote growth
The effect of Lip-AmB formulations on L. major promastigotes (MRHO/IR/75/ER) and amastigotes was assessed and compared with Fungizone. Alamar Blue was used for promastigote growth (Biosource International, Inc., USA) and for the amastigote growth, the slides were stained using Giemsa and were checked microscopically and compared with the untreated control wells. The experiments were repeated at least twice in triplicate. The ED 50 for each formulation was calculated using CalcuSyn software Version 2.1 (Biosoft, Cambridge, UK) (Iman et al., 2011) .
Cell diffusion study
Cell diffusion experiment was performed based on the previous study (Bavarsad et al., 2012) . Jacketed Franz diffusion cells were used, and two experiment were completed in triplicate at 37°C. BALB/c mice full-thickness skin was mounted in the Franz cell, with the stratum corneum sides facing upward. The membranes were initially left in the Franz cells for 30 min to facilitate hydration. Subsequently, 0.25 g of liposomal AmB was deposited onto the membrane surface. A 250 μl aliquot of receiver solution (PBS, pH 7.4) was withdrawn from each receiver solution at 1-h interval and replaced with the same volume of blank PBS solution. Aliquots of the collected samples were analyzed for AmB content as explained above. The derived concentration values were corrected using the following equation:
Where Mt(n) is the current cumulative mass of drug transport across the skin at time t, Cn is the current concentration in the receiver medium, ΣCm is the summed total of the previous measured concentrations, Vr is the volume of the receiver medium, and the Vs correspond to the volume of the sample removed for analysis.
Liposome retention into the skin was assessed by measuring AmB content of the remaining formulation on the surface of membrane.
The effect of Lip-AmB 0.4% on infected macrophages with GFP+L. tropica
To evaluate the effective Lip-AmB 0.4% formulation on GFP-expressing L. tropica amastigotes, macrophage B10 cells were incubated and infected with L. tropica parasite (parasite-per macrophage ratio 10 to 1) for 24 h, then the cells were washed and different concentrations of Lip-AmB 0.4% (0.325-20 μg/mL), empty liposome and USP-AmB (dissolved in DMSO) were added and incubated for 24 h, then the cells were detached and GFP expression was monitored using flow cytometry (Taheri et al., 2015) . The experiment was done in duplicate.
Animals and parasites
Female BALB/c mice, 6-8 weeks old, were purchased from Pasteur Institute (Tehran, Iran). The animals were maintained in Animal House of Nanotechnology Research Center of Mashhad University of Medical Sciences and fed with tap water and standard laboratory diet (Khorassan Javane Co, Mashhad, Iran). The animals were housed in a colony room 12/12 h light/dark cycle at 21°C with free access to water and food.
The virulence of Leishmania major (MRHO/IR/75/ER) and GFP+ L. tropica (MOHM/IR/09/Khamesipour-Mashhad) were maintained by passage in BALB/c mice. The amastigotes were isolated from spleens (L. major) and lymph nodes (L. tropica) of infected mice and cultured on NNN media and then subcultured in RPMI 1640 (Sigma) containing 10% v/v heat inactivated FCS, 2 mM glutamine, 100 U/mL of penicillin and 100 μg/mL of streptomycin sulfate (RPMI-FCS) at 25 ± 1°C.
Serum and tissue distribution of AmB after topical application of Lip-AmB 0.4% in uninfected (healthy) mice
Female BALB/c mice (3 per group) were applied twice a day at a shaved surface area of 2 × 2 cm with 100 mg of liposomal AmB 0.4% for 30 days. The amount of applied formulation was measured based on weight, since the formulations were too viscose to measure based on the volume. The massage duration was approximately 10 s for each mouse. After 2 h of the last application at day 30, the mice were sacrificed, blood samples were taken by heart puncture, and then the kidneys, livers and spleens were removed and weighed. Serum and tissues samples were stored frozen at −80°C until the day of assay for AmB by high-performance liquid chromatography (HPLC) method.
To extract the AmB from the tissue, the organs were transferred into tubes containing 1 mL methanol and zirconia beads. The samples were completely homogenized by bead beating (Bead Beater; Biospec, Bartlesville, OK) at 5,000 rpm. The homogenates were incubated for 1 h at room temperature. The samples were then vortexed, transferred to Eppendorf polypropylene centrifuge tubes, and centrifuged for 10 min at 14,000 rpm, then the supernatant was separated and injected into the HPLC system and assayed for AmB.
Pathological examinations of kidneys after topical application of lip-AmB 0.4%
After topical application of liposomal AmB 0.4% for 30 days twice a day as explained in previous section, one of the kidneys from each mouse was removed and fixed in 10% neutral-buffered formalin solution, and then was embedded in paraffin. Embedded kidneys were cut at 3 μm thickness and stained with hematoxylin and eosin (HE). The images were prepared at 40 × magnification. Histopathological analyses were performed at Qaem Hospital Pathology Laboratory, Mashhad university of Medical Sciences, Mashhad, Iran.
Stability studies of liposomal AmB formulation
Among different formulations, Lip-AmB 0.4% was the most effective to control the progress of the lesion and showed the lowest parasite burden in the spleen of infected BALB/c mice. So, the stability study was conducted on this formulation. The stability of Lip-AmB 0.4% was assessed at 4°C and also at room temperature (25°C) and the formulation was analyzed for the particle diameters, zeta potential, AmB concentration (HPLC), and biological activity on L. major promastigotes.
In vivo experiment
Fifty female 6-8 weeks BALB/c mice were inoculated subcutaneously (SC) at the base of the tail with 2 × 10 6 L. major promastigotes harvested at stationary-phase. Lesions were developed at week 4 post-infection, lesions were measured in two dimensions using calipers, and the animals were randomly divided into 5 groups of 10 mice/group including Lip-AmB 0.1, 0.2 or 0.4, empty liposomes and PBS. No significant differences (p > 0.05) was seen in the lesion size among the different groups at initiation of the treatment. Lesions in the first three groups were treated topically with 50 mg liposomal AmB formulations twice a day for 4 weeks. The lesion size was measured weekly during the treatment period and for up to 12 weeks post-infections, in week 8, 3 mice per group were sacrificed for parasite burden.
One-way ANOVA statistical test was used to assess the significance of the differences among the various groups, p < 0.05 was considered as statistically significant.
At weeks 8 and 12 post-infection, spleen and lesion of 3 mice from each group were aseptically removed to assess the number of viable L. major parasites using limiting dilution assay. The spleen was homogenized in 1 mL RPMI-FCS with a sterile syringe piston. The lesion was transferred into the tubes containing 1 mL RPMI-FCS, and 1 g of zirconium beads. Samples were then completely homogenized for 20s by bead beater and diluted with the same media in 8 serial of 10-fold dilutions. The homogenates were transferred into flat-bottom 96-well microtiter plates containing solid layer of rabbit blood agar in triplicate and incubated at 25 ± 1°C for 7 days. The positive (presence of motile parasite) and negative (absence of motile parasite) wells were detected using an inverted microscope (CETI, UK). The reported data is the calculated mean and standard error of mean of the last positive well multiplied by the dilution factor. Two separate experiments were done in triplicate. 
Ethics statement
Results
Liposomes characterization
The final liposomes containing 0.1, 0.2 and 0.4% AmB were roundshaped ( Figure in S1 Fig) , yellow paste-like with average particle diameters of around 100 nm (Table 1) . As indicated, no significant difference (p > 0.05) was observed in the size of Lip-AmB compared to control liposomes, all liposomes were negatively charged and there were no significant differences in the surface charges of different formulations (Table 1) .
Control empty liposome containing DMSO with the same percent in Lip-AmB 0.4% was used. As presented in Table 1 , control empty liposome was inactive against L. major promastigotes and L. major amastigotes in J774 A.1 macrophage.
After centrifugation of diluted liposomes in Amicon Ultra centrifugal filter unit (100 kDa, cut off), no AmB was detected in the filtrate; therefore, the entrapment efficiency of AmB in liposomes was 100%.
Effect of liposomal AmB on L. major promastigote in vitro
The effect of Lip-AmB formulations on L. major promastigote (MRHO/IR/75/ER) was assessed and compared with Fungizone using Alamar Blue. Minimum inhibitory concentration (MIC) of AmB in different Lip-AmB formulations against L. major promastigotes in culture was 0.625 μg/mL, based on AmB concentration. This value corresponds to 625, 312.5 and 156.26 μg based on the total amount of liposomes for Lip-AmB 0.1, 0.2 and 0.4%, respectively (Table 1) . There was no significant difference in the minimum inhibitory concentration (MIC) of AmB in different Lip-AmB formulations (Table 1) , Fungizone (Bristol-Myers Squibb Company, Princeton, NJ) was used as positive control. The MIC for Fungizone was also 0.625 μg/mL, there was no significant difference in the MIC of different formulations.
In vitro effect of liposomal AmB on L. major amastigotes
The ED 50 which is the dose of AmB required to kill 50% of Leishmania parasites in vivo was determined from infected macrophages. The ED 50 of Lip-AmB 0.4, 0.2 and 0.1% against L. major amastigote in macrophage are shown in Table 1 . The ED 50 of Lip-AmB 0.4% was two times lower than that of Lip-AmB 0.2% and 0.1%. The values in Table 1 are reported based on the amount of AmB in each formulation and are equivalent to 151, 75.5 and 21.4 μg of AmB based on the total amount of liposomes for Lip-AmB 0.1, 0.2 and 0.4%, respectively. The ED 50 values of Fungizone® was lower compared to the liposomal AmB formulations (0.063 μg/mL versus 0.151 for Lip-AmB 0.1, 0.2 and 0.0856 for Lip-AmB 0.4), which was expected due to the rapid dissociation of AmB from micellar formulation.
Cell diffusion study
The delivery of AmB to and through the mouse skin was determined during a 24 h experiment using diffusion cells with PBS in the receptor compartment. The amount of AmB penetrated through the skin after application of Lip-AmB 0.1, 0.2 and 0.4% were 5.34%, 4.45% and 3.49%, respectively (Fig. 1A) . The rate of permeation of liposomal AmB through the mouse skin was determined as equivalent to 13.35, 22.25 and 34.9 μg based on the amount of AmB (Fig. 1B) . The proportions of AmB in different Lip-AmB formulations retained in the skin were 62. 22%, 54.47% and 73.92% (155.55, 273.35 and 739. 2 μg based on amount of AmB) for Lip-AmB 0.1, 0.2 and 0.4%, respectively, as shown in Fig. 1A . The results with PBS plus 5% DMSO or PBS plus 10% methanol in the receptor compartment at either 32 or 37°C showed no significant difference compared to PBS (Figure in S5 Fig). 3.5. The effect of Lip-AmB 0.4% on GFP + L. tropica infected macrophages GFP expression in transgenic promastigotes indicated that the percentage of GFP + L. tropica significantly increased after 24 h incubation with macrophages (31.2%) when compared to 48 and 72 h incubation time (25% and 17%, respectively) (Figure in S2 Fig) . Fig. 2A shows GFP expression following the treatment of L. tropica infected B10 macrophages with Lip-AmB 0.4%. The percentage of GFP-expressing parasites in the presence of free liposomes was higher than that of other groups treated with different concentrations (Fig. 2B) . GFP expression gradually diminished with increased drug concentration. The result of treatment with Lip-AmB 0.4% was comparable to that of USP AmB (80% reduction in parasite GFP fluorescence at 5 μg/mL AmB compared to empty liposomes, Fig. 2C ). To assess the toxicity of Lip-AmB 0.4% on macrophages, GFP + L. tropica infected macrophages were exposed to either control empty liposomes or Lip-AmB 0.4%; the resulting viability of the macrophages was the same in both treated groups (Figure in The values are means ± standard deviations (n = 3). a Minimum inhibitory concentrations. 3.6. Serum and tissue distribution of AmB after topical application of Lip-AmB 0.4% in uninfected (healthy) mice
The results indicated that following topical application of liposomal AmB 0.4% for one month, although the serum concentration of AmB was 0.367 ± 0.009 μg/mL, accumulation in the kidney, spleen and liver was noticeable. The highest concentration of AmB was achieved in the spleen of uninfected animals (Fig. 3) .
Pathological examinations of kidneys after topical application of lip-AmB 0.4%
The renal toxicity as the main toxicity of AmB was evaluated by pathological examination of kidneys after topical application of Lip-AmB 0.4% twice a day for 30 days. The kidneys were normal and no adverse effects were found in the examined kidneys ( Fig. 4) .
Stability of liposomes
The stability of Lip-AmB 0.4% was determined at both 4°C and room temperature (25°C). Further, the formulation was analyzed for any changes in particle diameters, zeta potential, AmB concentration (HPLC), and the biological activity on L. major promastigotes. Results showed that the concentration of AmB remained unchanged in Lip-AmB 0.4% during storage at either 4 or 25°C up to 20 months (Table 2) . Furthermore, no significant changes were observed in the liposome size and zeta potential for up to 20 months when Lip-AmB 0.4% was stored at 4 or 25°C. The MIC of AmB in Lip-AmB 0.4% against L. major promastigote in culture was 0.625 μg/mL and remained unchanged when stored at either temperature condition for up to 20 months.
Anti-Leishmania activity in murine model of CL
As shown in Fig. 5 , there was no significant difference in the lesion size in different groups at initiation of treatment. All liposomes induced regression in the lesion size following treatment. Though the difference was not significant in the first 3 weeks following treatment, liposomal AmB showed a remarkable reduction in the size of lesion in treated animals from week 8 onward. By week 12 post-treatment, animals in the control groups receiving either empty liposomes or PBS, developed significantly larger lesions compared to those treated with liposomal formulations (p < 0.001). There was no significant difference in the lesion size among different groups receiving liposomal AmB; the efficacy of Lip-AmB 0.4% on the lesion size was more pronounced compared to other concentrations (Lip-AmB 0.1 and 0.2%) (Fig. 5) .
Quantitative parasite burden
The number of viable L. major parasites were assessed in the lesions and spleens of different groups of mice at week 8 and 12 post-infection using limiting dilution assay. At week 8 post-infection, splenic parasite count was significantly (p < 0.001) lower in mice treated with Lip-AmB 0.1, 0.2 and 0.4% compared to the PBS or empty liposomes (Fig. 6A) . At week 12, the splenic parasites load increased in different treatment groups, except in those mice that received Lip-AmB 0.4%. The count of splenic parasites was significantly lower in Lip-AmB 0.4% (p < 0.001) compared to the groups receiving PBS or empty liposomes. A similar trend was observed in the count of parasites in the lesions. Among the different Lip-AmB concentrations, the lowest number of parasites were observed in animals treated with Lip-AmB 0.4%. The count of parasites in the lesions of Lip-AmB 0.4% treated animals was significantly (p < 0.001) lower when compared to all other groups at weeks 8 and 12 post-infection (Fig. 6B) .
Discussion
Treatment of CL is dependent on the use of pentavalent antimonite derivatives which are painful, need multiple injections and are accompanied by side effects (Aronson et al., 2017; Croft et al., 2006; Dowlati, 1996) . Several second line treatments were used to treat CL, including liposomal AmB which is expensive and impractical to use in Fig. 3 . Tissue AmB concentrationAmB. Female BALB/c mice (3 per group) were applied with 100 mg of liposomal AmB 0.4% for 30 days, twice a day on the shaved surface area of 2 × 2 cm of the skin. At day 30, 2 h post last application, the mice were sacrificed, and then the kidneys, livers and spleens were removed and assayed for AmB using high-performance liquid chromatography (HPLC) method. Fig. 4 . Changes in kidneys pathology. The renal toxicity evaluation by pathological examination of kidneys after topical application of liposomal AmB 0.4% twice a day for 30 days. One of the kidneys from each mouse was removed and fixed in 10% neutral-buffered formalin solution, and then was embedded in paraffin. Embedded kidneys were cut at 3 μm thickness and stained with hematoxylin and eosin (HE). The images were prepared at A) 10 × and B) 40 × magnification. The kidneys were normal and no adverse effect was found in the examined kidneys. endemic foci (Wortmann et al., 2010) . AmBisome®, a non-pyrogenic lyophilized liposomal product for intravenous administration is very effective in the treatment of visceral leishmaniasis (Kala-azar); however inefficacious in cutaneous form due to poor delivery of AmB at the lesion site upon i.v. administration as well as toxicity (Iman et al., 2017) .
Considering the status of CL treatment in endemic areas, the search for new treatments is well justified. Toxic effects can be greatly reduced following topical application since it requires lower drug dosages which reduces toxic effects and offers easier administration (Garnier and Croft, 2002) . Over the past decades, conventional dosage forms were used with variable efficacies and toxicities (Ben et al., 1995 (Ben et al., , 2013 Frankenburg et al., 1998; Garnier and Croft, 2002; Garnier et al., 2007; Soto et al., 1995) . Currently, only topical formulation of paromomycin is marketed for the treatment of CL by TEVA as Leshcutan. AmB topical preparation in white paraffin was ineffective for the treatment of cutaneous Leishmania major lesions in mice due to the high molecular weight and hydrophobic nature of the drug molecule, hindering its penetration into the dermal layer (El-On et al., 1984) .
Several strategies have been proposed to enhance topical absorption including the use of penetration enhancers (Garnier and Croft, 2002) . For example, commercial AmB formulations including Amphocil (AmB and cholesteryl sulfate complex), and ABPLC (AmB and phospholipid complex) enhanced skin penetration in the presence of ethanol following topical application (Frankenburg et al., 1998; Zvulunov et al., 2003) . Ethanol is a well-known penetration enhancer as it damages the skin by extracting the skin lipids and thus making it more permeable.
The use of drug carrier system could further enhance drug penetration through the skin. Lipid nanocarriers constitute a plausible alternative due to the penetration potential of individual phospholipid molecule into the lipid layers of stratum corneum (Pierre and Dos, 2011) . Liposomes could enhance skin penetration as well as drug targeting to the macrophages (Manosroi et al., 2004; Schwendener et al., 1984; Singodia et al., 2010) . We have previously developed topical liposomal forms of paromomycin , glucantime (Kalat et al., 2014) , miltefosine (Kavian et al., 2019) and AmB, among which the latter significantly improved skin lesion size in some Leishmania strains-infected mice (Jaafari, 2015) .
In the current study, we used fusion as an efficient, simple, reproducible and easily scalable method yielding homogeneous liposomes with high encapsulation efficiencies Wohlrab J and Jahn, 2005) . Further, liposomes devoid of organic solvents, had viscose consistency to be directly applied on the skin. SPC at a high concentration of 15% was used as the main phospholipid with its choline head group efficiently hydrating the skin and inducing strong penetration (Bhatia et al., 2004; Ghyczy et al., 1994) . The low phase transition temperature of SPC (around −30°C) also provided a fluid flexible bilayer (Wohlrab J and Jahn, 2005) . Other ingredients including propylene glycol, DMSO as well as oleic acid not only assist with dissolving the lipid components (SPC and cholesterol) and AmB, but also facilitate penetration properties of the vesicles (Malajczuk et al., 2013; Murakami et al., 1998; Srisuk et al., 2012) . Cholesterol included in the formulations intends to stabilize AmB in the liposome bilayer through hydrophobic interaction (Adler-Moore and Proffitt, 2008; Iman et al., 2011) . Vitamin E was used to prevent SPC oxidation and PP and MP were added as microbial preservatives. Several concentrations of AmB have shown results with Lip-AmB 0.4% significantly more effective in treating L. major lesions and eliminating parasites from the lesions and the spleens of the infected mice. Lip-AmB with concentrations of 0.1 and 0.2% were less effective, leaving the parasitic load in the lesions and spleens at higher levels. It was shown that there is a correlation between AmB concentration in the lesion and parasite load reduction at the infection site (Wijnant et al., 2018) . Here, the AmB concentration in the skin was not measured however, the in vitro permeation assay showed the highest AmB accumulation in the skin with Lip-AmB 0.4% (73.92 percent), confirming a correlation between AmB retention in the skin and anti-Leishmania activity. The results indicated that serum concentration of AmB was negligible in the uninfected animals, while splenic drug accumulation was observed following Lip-AmB 0.4% topical application. Thus, it is conceivable that both parasites removal at the site of infection by liposomes, and gradual accumulation of free AmB in the spleen of the animals might involve in the reduction of parasites in the spleen of infected animals.
Following systemic administration, the small size of liposomes promotes the extravasation in the inflamed lesions on the skin and thus facilitates macrophage targeting residence in the skin (Griffin et al., 2017; Wijnant et al., 2018) . We have previously compared the serum and organ distribution of DSHemsPC liposomes (liposomal AmB, 10 mg/kg) following iv injection to that of AmBisome in healthy BALB/ Fig. 6 . Splenic and lesion parasite burden in BALB/c mice treated with liposomal AmB formulations. Spleens and infected lesions were aseptically removed and homogenized in 1 mL RPMI-FCS at weeks 8 and 12 after infection. The homogenates were diluted and placed in 96-well microtiter plates containing solid layer of rabbit blood agar in triplicate and incubated at 25 ± 1°C for 7 days. The motile promastigotes were checked using an inverted microscope (CETI, UK). The splenic parasite load in group of mice treated with Lip-AmB 0.4% was significantly lower than groups of mice treated with PBS or empty liposomes at week 12 post infection (***, p < 0.001) (Fig. 6A ). Load of parasite in the lesion of mice treated with Lip-AmB 0.4% was significantly lower than all other groups at day 8 and 12 post infection (***, p < 0.001) (Fig. 6B ). c mice. Results showed AmB serum concentration of 36, 9.8, 2.2, 1.9 μg/mL at 1, 6, 12, and 24 h, respectively, while liver, spleen and kidney concentrations were 36.8, 13.8, 1 μg/g, respectively 24 h following injection (Iman et al., 2017) . The results were comparable to that of AmBisome and both treatments reduced AmB accumulation in the kidneys of mice, a finding which supports the reduced nephrotoxicity of AmB associated with liposomes. In the current study, concentration of AmB in kidney, liver and spleen after twice daily topical application of Lip-AmB 0.4% for one month was around 2.5, 3.5 and 5.0 μg/g, respectively (mice were sacrificed 2 h after the last application). The comparison shows that topical application of Lip-AmB 0.4% produce low level of AmB in kidney and low to moderate concentration in liver and spleen which is the tissue target for the for Leishmania infection.
The high molecular weight and amphoteric nature of AmB hampers its cutaneous penetration (Perez et al., 2016) , while liposomes could promote penetration due to the high flexibility of the formulation, similarity to the natural bilayer structure and interaction of the individual phospholipids with lipid layers of stratum corneum (Doppalapudi et al., 2017; Mohamed-Ahmed et al., 2013; Pierre and Dos, 2011) . Following topical application, small size liposomes (100 nm) pass through the SC pores and reach the epidermis and dermal layer of the skin. In the dermis, the infected macrophages phagocytose the Lip-AmB which are then hydrolyzed by the acidic lysosomal enzymes, releasing AmB where Leishmania parasites live and multiply (Huang et al., 2009; Schwendener et al., 1984) . The in vitro study indicated that Lip-AmB 0.4% could target the parasites inside infected macrophages, as shown by the level of GFP expression in transgenic parasites.
Similar to AmBisome®, the encapsulation efficiency of AmB in Lip-AmB 0.4% was around 100%. The lower transition temperature of the formulation compared to AmBisome® (around 55°C) made it flexible for topical application. A further advantage is that the formulation is patient-compliant with minimal adverse effects compared to injectable treatment options. The results showed that AmB in this rational pharmaceutical design eradicated L. major parasites when applied directly at the site of infection. Pharmacokinetic of liposomes facilitated the drug accumulation within the lesion which was further improved by the inflammatory state of the infected skin. The choice of a safe manufacturing process is a major concern in the scale up production of the formulation. Using the fusion method, different features of Lip-AmB 0.4%, including AmB concentrations, particle diameters, zeta potentials and biological activities remained unchanged during the 20-month storage period at 4°C and at 25°C. The irritancy Draize test in the skin and eyes of rabbits and phase I safety study in human have been completed by DNDi support (Eskandari et al., 2018 (Eskandari et al., , 2019 . The efficacy trial of the formulation is underway with (under EMRO WHO support) and ZCL (Eskandari et al., 2018 (Eskandari et al., , 2019 .
The main limitations of this work include a single treatment regimen (50 mg Lip-AmB twice a day for 4 weeks) as well as a lack of skin and plasma pharmacokinetic. The 28-day treatment might be far from ideal for CL patients and there is a need for more convenient treatment to assure compliance and complete healing of the lesion. Further, it should be mention that the response might be variable against different Leishmania species. Thus, future studies are required to investigate the relationship between the skin pharmacokinetic and therapeutic efficacy of topical AmB liposomes to expedite achievement of an optimal clinical dose regimen. There is a need to explore the impact of topical formulation on the host immune response (Varikuti et al., 2017) , since there is a possibility that topical liposomal AmB 0.4% induces cellular immune responses which may count for the lower number of splenic parasites observed in this study.
Conclusions/significance
Lip-AmB 0.4% liposome is a stable, concentrated and viscous topical product with a high AmB content and high penetration properties. It facilitates AmB permeation through the skin layers and showed to be effective against L. major in vitro and in vivo. The results suggest that topical Lip-AmB 0.4% may be a useful tool in the treatment of CL and merits further investigation.
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